Glutathione and glucose oxidase (EC 1.1.3.4) conjugates containing covalently bound luminol were prepared as prototypes for peptides and proteins with latent, enzyme-activatable chemical reactivity. In the presence of small quantities of activated horseradish peroxidase, conjugated luminol molecules were oxidized to unstable free radicals which reacted rapidly with soluble proteins and cells. These observations are of interest in regard to possible sequential localization reactions in which a few molecules of cell-bound antibody-horseradish peroxidase would be used to catalytically alter and trap many molecules of a second (luminol-substituted) enzyme, toxin, or hapten in the same area, as might be desirable in promoting selective cell destruction.
Recent studies have indicated that it is feasible to attach toxins to antitumor antibodies as a means of amplifying selective cytotoxicity (1) (2) (3) (4) , an idea first proposed by Paul Ehrlich in 1906 (5) . We have suggested that it may be preferable to attacfi the antibody to an exogenous enzyme capable of converting a protoxin to a toxin, rather than directly to a toxin (1, 6, 7) . This would permit the activity of the antibody to be catalytically amplified, providing for effective toxicity in situations in which only a limited number of conjugated antibody molecules can be localized on the cell surface. Particularly interesting results have been obtained with conjugates of antibody to glucose oxidase, a hydrogen peroxide generating enzyme with a very high turnover number. When glucose oxidase is attached through specific antibody to a target cell, and appropriate cofactors (glucose, 02, lactoperoxidase, and inorganic iodide) are added, the cell is iodinated and cell death occurs. In the complete enzyme system, with iodide or other protoxins, glucose oxidase conjugates of rabbit and goat antibodies to HeLa, HEp-2, L, human colonic carcinoma cells (HT-29), and mouse myeloma (MOPC-315) cells have shown toxicity for their homologous cell lines in vitro (1, (7) (8) (9) . Antibody-enzyme conjugates have also been shown to have marked cytotoxicity for bacteria (10) and parasites (11) . In all of these cell systems immunologically specific cytotoxicity has been obtained and the antibody-enzyme conjugate has been more potent than the unconjugated antibody in the presence of excess complement.
In order to exploit the full potential of enzyme-mediated cytotoxicity in vivo, it will be necessary to localize as many enzyme molecules as possible in the tumor. One approach would be the utilization of a sequential localization reaction in which a few molecules of antibody-enzyme conjugate, specifically bound in the tumor, would be used to catalytically alter and trap many more molecules of a second enzyme in the same area. This might be accomplished by attaching a chemically unreactive organic substituent on the surface of the second enzyme and converting it to a highly reactive molecule at the level of the tumor surface. A theoretical scheme is shown in Fig. 1 ; El-Ab is antibody-first enzyme conjugate; E2 is the second enzyme; X is chemically inert and attached to E2; X* is obtained from X in the presence of E1 and can react with the external cell membrane; and Y is a protoxin that is converted to Y', a toxin, by E2.
Since the ultimate application of sequential localization would be in vivo, potentially useful types of trapping reactions are limited by the following factors: (i) The activation of X to X* should occur rapidly under physiologic conditions, even at low concentrations of E1. ( ii) The reactivity of X* with the cell exterior should be high and its half-life in solution short, so that ErX* will not diffuse away from the tumor area. (iii)
In the absence of E1, X should remain stable so that the localization of ErX* in normal tissues is avoided. This requires that X not be activated by enzymes normally present in tissue. As a candidate for X, we considered that 5-amino-2,-3-hydro-1,4-phthalazinedione (luminol), which forms an unstable free radical when it is oxidized by horseradish peroxidase (12, 13) , might be suitable, provided it could be conjugated to protein without losing its susceptibility to enzymatic activation. In the present report we cine-2 position (New England Nuclear, Boston, Mass.). Powdered 5-chloracetamido-luminol (29 mg), prepared by the method of Cross and Drew (14) , and a mixture of 3H-labeled (0.2 mCi) and unlabeled glutathione (31 mg) were suspended in 5 ml of deoxygenated water; 50 mg of solid NaHCO3 were added and the pH was adjusted to 8.5 with 1 M NaOH. Nitrogen gas was bubbled through the reaction mixture, the tube was stoppered, and incubation was carried out for 16 luminol-glutathione was attached at the completion of the conjugation' was serum protein (bovine gamma globulin or bovine serum albumin) or whether the enzymes themselves were involved. (Binding to horseradish peroxidase had to be particularly considered because it is directly involved in the activation of luminol.) To evaluate this question, reaction mixtures con- The kinetics of the enzyme-mediated reaction of luminolglutathione with bovine gamma globulin were studied ( Table  2) . Under the conditions used, the reaction of luminol-glutathione with protein was more than 60% complete within 60 sec. When bovine gamma globulin was added 1 min after the initiation of luminol-glutathione oxidation, binding of luminolglutathione to trichloroacetic acid-precipitable protein was reduced more than 5-fold. Evidently, then, the reactive form of luminol-glutathione decays rapidly if a suitable target protein is not available.
The properties of the reactive intermediate of luminolglutathione (rapid generation, formation in the presence of two different peroxidases, a high rate of reactivity, and rapid decay) are consistent with the free radical mechanism outlined in the introduction. This mechanism is further supported by blocking studies in which compounds containing functional groups present on proteins were used in an attempt to inhibit the reaction. The reaction with bovine gamma globulin was carried out in the presence of 100 mM of tyramine, acetate, ethanol, e-aminocaproate, a-N-acetylhistidine, and 2-mercaptoethanol under the reaction conditions given in the legend to Table 1 . The order of inhibition was 2-mercaptoethanol (98%) > tyramine (92%) > e-aminocaproate (30%), with no blocking by other agents. This is the order of reactivity that would be expected with a free radical scavenger. The reaction mechanism can, therefore, be formulated as follows, assuming the 2-electron transfer mechanism shown for unconjugated luminol (16) [2] [3] [4] where HRP-complex I is the initial complex formed between horseradish peroxidase and H202, and LG is luminol-glutathione.
From the experiments with ['H]luminol-glutathione it was
clear that small-molecular-weight peptides containing luminol could be efficiently attached to soluble proteins. To study the ability of enzymes containing luminol to react in a similar fashion, we next conjugated ['H ]luminol-glutathione to glucose oxidase by means of a water-soluble carbodiimide, which promotes peptide bond formation between the protein and free amino or carboxyl groups on the peptide. This provides a means of attaching luminol-glutathione to the enzyme without oxidizing the luminol portion of the molecule. The reactivity of the conjugate with rat spleen cells was then studied. In the presence of soluble horseradish peroxidase and glucose, as many as 30% of the luminol-glutathione oxidase molecules could be conjugated to cells (based both on 11 radioactivity and enzyme activity). With nonderivatized glucose oxidase, cells, and the same cofactors, 2% or less binding was obtained (Table 3) .
DISCUSSION
This study indicates that peroxidases will activate luminolsubstituted peptides or proteins, resulting in their attachment to soluble proteins and cells. The kinetics of the reaction of conjugated luminol with horseradish peroxidase have not been analyzed in detail, although it is clear that the reaction is rapid. This is not surprising since unconjugated luminol has an estimated second order rate constant for its reaction with the horseradish peroxidase-HO2 complex of 2.3 X 106 mol -l -see-' (16) . As discussed in the introduction and directly demonstrated with glucose oxidase, luminol can be attached to an enzyme and oxidized, creating the possibility of stacking enzyme molecules on the cell surface and using their catalytic activity to produce cytotoxicity. At a more speculative level, once -a luminol-substituted enzyme had been localized, the principle could be extended to still another enzyme, creating a manmade enzymatic cascade. The amplification inherent in this system is of particular interest for human tumors in which the density of tumor-specific antigen on the cell surface is too low to permit useful levels of antibody-or lymphocytemediated cytotoxicity directly.
A specific scheme by which the luminol reaction might be exploited to obtain immunologically directed target cell damage is shown in Fig. 4 horseradish peroxidase on luminnol-substituted glucose (or galactose) oxidase. The luminol-glucose oxidase would generate 1202 from endogenous glucose, activating the horseradish peroxidase, which would in turn promote the reaction of the luminol moiety with the cell, locking the glucose oxidase on the cell exterior. After clearing tinreacted luminol-glucose oxidase (by exchange transfusion), excess lactoperoxidase and inorganic iodide would be supplied. As shown in previous studies from this laboratory, H202 generated by glucose oxidase bound to 'the cell surface will activate nearby lactoperoxidase molecules, resulting in ceU iodination and death (7) (8) (9) . The reaction is sufficiently well localized to produce highly selective cell damage in heterogeneous cell mixtures (17 Antibodies, haptens, coenzymes, metals (18) , growth inhibitory glycolipids (19) , or other proteins might also be fixed to cells through luminol and used to inhibit cell growth. For example, by attaching large numbers of haptenic groups to cells, the cells would be primed to undergo complementmediated damage in the presence of excess antihapten antibody.
The possible application of enzymatically mediated conjugation reactions is not limited to the production of selective cytotoxicity.. In the presence of activated horseradish peroxidase, luminol-substituted proteins and polypeptides with affinity for cells should combine covalently with cellular receptors, providing an alternative to photoaffinity labeling for obtaining binding that is both selective and irreversible. In addition, luminol derivatives containing heavy metals are alternative substrates for horseradish peroxidase in immunoperoxidase studies of antigen or antibody localization at the ultrastructural level.
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